The results of the Diabetes Control and Complications Trial (1) have shown that strict glycemic control can prevent the onset and progression of diabetic complications. Several hypotheses such as hyperosmolarity, glycation end products, oxidant formation, abnormality of sorbitol and myoinositol metabolism, and diacylglycerol (DAG)-protein kinase C (PKC) activation (2-6) have been proposed to explain the various pathologic changes induced by hyperglycemia. It is likely that glucose and its metabolites mediate their adverse effects by altering the various signal transduction pathways, which are used by vascular cells to perform their functions and to maintain cellular integrity. We and others (6-16) have recently identified that the activation of PKC, especially the β isoforms, could be responsible for some of the vascular dysfunctions observed in the diabetic state. Some of these changes in the vascular cells are increases in contractility, cellular proliferation, permeability, and extracellular matrix and cytokine production (5, 6). However, it has not been determined whether hyperglycemia and its metabolites can affect other signal transduction systems and/or the cellular targets of DAG-PKC activation.
Introduction
The results of the Diabetes Control and Complications Trial (1) have shown that strict glycemic control can prevent the onset and progression of diabetic complications. Several hypotheses such as hyperosmolarity, glycation end products, oxidant formation, abnormality of sorbitol and myoinositol metabolism, and diacylglycerol (DAG)-protein kinase C (PKC) activation (2-6) have been proposed to explain the various pathologic changes induced by hyperglycemia. It is likely that glucose and its metabolites mediate their adverse effects by altering the various signal transduction pathways, which are used by vascular cells to perform their functions and to maintain cellular integrity. We and others (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) have recently identified that the activation of PKC, especially the β isoforms, could be responsible for some of the vascular dysfunctions observed in the diabetic state. Some of these changes in the vascular cells are increases in contractility, cellular proliferation, permeability, and extracellular matrix and cytokine production (5, 6) . However, it has not been determined whether hyperglycemia and its metabolites can affect other signal transduction systems and/or the cellular targets of DAG-PKC activation.
Recently, several mitogen-activated protein (MAP) kinase signal transduction pathways have been characterized . Extensive studies have clarified that they are activated by multistep phosphorylation cascades after ligand-cell surface receptor binding and and that they transmit signals to cytosolic and nuclear targets (17) . The classic MAP kinases, extracellular signal-regulated protein kinase (ERK)-1 and -2, are activated through Ras-dependent signal transduction pathway by hormones and growth factors, leading to cellular proliferation and differentiation by stimulating transcription factors that induce the expression of c-fos and other growth-responsive genes (18, 19) . With respect to ERKs, Haneda et al. (20) recently showed that high glucose levels phosphorylated ERKs through PKC activation in rat glomeruli and mesangial cells.
In contrast, two additional parallel signal transduction pathways, c-jun NH 2 -terminal protein kinase (JNK) and p38 MAP kinases, have also been identified (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . These pathways are strongly activated by environmental stress factors including ultraviolet light (22, 23) , oxidants (25, 26) , lipopolysaccharide (27) (28) (29) , osmotic stress (30) (31) (32) (33) , heat shock (34) , and proinflammatory cytokines such as tumor necrosis factor-α (ΤΝF-α) and interleukin-1 (35) (36) (37) (38) , leading to alterations in cell growth, prostanoid productions, and other cellular dysfunctions (39, 40) .
Because many similar stress factors as already mentioned here have been identified to be present in diabetes, it is reasonable to suspect that p38 MAP kinase activation could also be involved in mediating hyperglycemia's adverse effects. In this study, we have characterized the mechanisms by which elevation of glucose levels activated p38 MAP kinase in cultured vascular cells and aorta derived from diabetic rats. (a) Effect of glucose on ERK-1, ERK-2, and p38 MAP kinase activations in rat aortic SMC. After 72 h of exposure to 5.5, 16.5, or 22 mM glucose, the cells were lysed, and MAP kinase activities were quantitated by in vitro phosphorylation of MBP using [γ-32 P]ATP as described in Methods. The results were derived from three separate experiments, with duplicates performed in each experiment. Each bar represents the mean ± SEM in a, b, and c. *P < 0.05, **P < 0.01 vs. 5.5 mM glucose. (b) Time course of 16.5 mM glucose on p38 MAP kinase activity. After the indicated time of incubation with 16.5 mM glucose, the cells were lysed and p38 MAP kinase activity was quantitated as already described. The results were derived from four separate experiments, with duplicates performed in each experiment. *P < 0.05, **P < 0.01 vs. 0 h. (c) Effect of elevated glucose and mannitol levels on p38 MAP kinase activation. After 72 h of exposure to several concentrations of glucose or mannitol, the cells were lysed and p38 MAP kinase activity was quantitated as already described. The results were derived from three separate experiments, with duplicates performed in each experiment. *P < 0.05, **P < 0.01 vs. 5.5 mM glucose; #P < 0.05 vs. 11 mM glucose; ++ P < 0.01 vs. 16.5 mM glucose; ¶ P < 0.05 vs. 22 mM glucose. ERK, extracellular signal-regulated protein kinase; MAP, mitogenactivated protein; MBP, myelin basic protein; SMC, smooth muscle cells. temperature, the kinase reaction was terminated by spotting 25 µl of reaction mixture on 2 × 2-cm phosphocellulose squares of Whatman P-81, and was washed three times with 0.75% phosphoric acid. MAP kinase-dependent phosphorylated substrates bound to the filterpapers were quantified by scintillation counting. For the immunoprecipitated p38 kinase activity, the ratio of specific to nonspecific counts (from 480 cpm at basal to ∼2300 cpm when stimulated) was 4.5:1 at 5.6 mM of glucose.
Immunoblot analysis of phosphospecific p38 MAP kinase, JNK kinase, nonphosphorylated p38 MAP kinase, and phosphospecific MKK-3/MKK-6. Samples (100 µg) were separated by 10% SDS-PAGE, transferred to PVDF membranes, and blocked overnight with PBS containing 0.1% Tween-20 and 5% BSA. The membranes were incubated with antiphosphospecific p38 or JNK MAP kinase and antiphosphospecific MKK-3/MKK-6 antibodies overnight at 4°C, or with anti-nonphosphorylated p38 MAP kinase antibody for 1 h at room temperature. The blots were washed and then incubated with peroxidase-conjugated anti-rabbit immunoglobulins. After washing, sites of antibody binding were visualized using ECL Western blotting detection system and quantified using an image densitometer (Molecular Dynamics, Sunnyvale, California, USA). The variabilities of immunoblotting studies for each protein are shown in each figure. In general, Western blotting techniques can detect changes of 20%-30% in our studies.
In situ PKC activity assay. PKC activity was measured by using a modified in situ method described previously (42) . Briefly, subconfluent rat SMC in 12-well culture plates were exposed to DMEM containing 1% CS with various concentrations of glucose or mannitol. After 48 h of incubation, the cells were incubated in DMEM containing 0.2% BSA with the same concentration of glucose or mannitol for another 24 h. The cells were washed rapidly three times with 2 ml of DMEM containing 20 mM HEPES (pH 7.4), and then replaced with a salt solution consisting of 137 mM NaCl, 5.4 mM KCl, 0.3 mM Na 2 HPO 4 , 0.4 mM KH 2 PO 4 , 5.5 mM glucose, 10 mM MgCl 2 , 25 mM β-glycerophosphate, 5 mM EGTA, 2.5 mM CaCl 2 , 20 mM HEPES, 50 mg/ml digitonin, 100 µM ATP mixed with [γ-32 P]ATP (<1500 cpm/pmol), and 100 µM PKC-specific peptide substrate (RKRTLRRL) (43) for 15 min at room temperature. The kinase reaction was terminated with 5% (wt/vol; final concentration) TCA, spotted on 2 × 2-cm phosphocellulose squares of Whatman P-81, and washed three times with 0.75% phosphoric acid. Before being quantitated as described previously (42, 44) , the ratios of total to peptide negative control PKC activities were usually greater than 5-10-fold, depending on the stimulant used.
Overexpression of PKC-δ isoform in rat aortic SMC. cDNA plasmid containing human PKC-δ isoform or β-galactosidase cDNA was isolated by using plasmid maxi kit and ligated into multiple cloning site in a retroviral vector, pBabe-Puro, as described previously (45, 46) . The cDNA (10 µg) was transfected into BOSC23 cells via 60 µl of Lipofectamine for 6 h, and then the media was changed to DMEM containing 10% CS to remove Lipofectamine. After 48 h, the supernatant was collected and sterilized by passing through 0.45-µm filters, and then added to primary cultured rat aortic SMC with DMEM containing 10% CS with 4 µg/ml hexadimethrine bromide (47) . After another 48 h, the cells were trypsinized and passaged at a 1:4 ratio in DMEM containing 10% CS with 10 µg/ml of puromycin. The colonies, which were resistant to puromycin, were cloned by ring isolation. After 10-14 days of culture, cells were tested for the expression of PKC isoforms by immunoblot analysis and activity assays. Three different clones of cells overexpressing PKC-δ isoforms derived from two separate retroviral infections were isolated, grown, and used for the described studies.
Immunoblot analysis of PKC isoforms. SMC were washed three times with ice-cold PBS and once with buffer consisting of 20 mM Tris-HCl, 2 mM EDTA, 0.5 mM EGTA, 1 mM PMSF, 1 mM DTT, 300 mM sucrose, and 25 mg/ml leupeptin. PKC in the membranous and cytosolic fractions were partially purified using DEAE cellulose (9, 11) , and then protein concentrations were determined by the method of Bradford (48) . Partially purified PKC fractions were separated by 8% SDS-PAGE, transferred to PVDF membranes, and blocked overnight with PBS containing 0.1% Tween-20 and 5% BSA. The membranes were incubated with several types of PKC isoform antibodies for 1 h at room temperature. The blots were washed and then were incubated with peroxidase-conjugated anti-rabbit immunoglobulins. Sites of antibody binding were visualized using an ECL Western blotting detection system (Amersham Pharmacia Biotech, Buckinghamshire, United Kingdom) and quantified using an image densitometer.
Construction of replication-deficient adenovirus containing PKC-β1 cDNA. Construction of a replication-deficient recombinant adenovirus for PKC-β1 expression was carried out as described previously (49, 50) . Essentially, mouse PKC-β1 cDNA obtained from P. Ashendal (Purdue University, Indianapolis, Indiana, USA) was litigated into the adenoviral shuttle vector, pACC-CMV, downstream of the CMV promoter and upstream of an SV40 polyA tail signal. This PKC-β1-containing shuttle vector was then cotransfected with the E1A transcription factor-deficient adenoviral genomic vector JM17 into 293 E1A-trans-
Figure 2
(a) Time course of glucose's 16.5 mM effect on in situ PKC activity in rat aortic SMC. After indicated time of incubation with 16.5 mM glucose, PKC activities were measured by in situ PKC assay using a PKC-specific peptide substrate, RKRTLRRL, in digitonin-permeabilized cells as described in Methods. *P < 0.05 vs. 0 h. (b) Effect of regulators of PKC on p38 MAP kinase activation. After subculturing with 5.5 mM glucose, the cells were treated or not treated with PMA (100 nM) for 15 min or DMSO, treated with a PKC-specific inhibitor, GF109203X (GFX, 5 µM) pr ethanol, for 30 min, and then lysed. p38 MAP kinase activity was quantitated by in vitro phosphorylation of MBP using [γ-32 P]ATP as described in Methods. GF109203X was solubilized with DMSO and PMA with ethanol, respectively, with final concentrations of DMSO and ethanol of 0.1%. The results were derived from three separate experiments. * P < 0.05 vs. 5.5 mM glucose (-), # P < 0.05 vs. 5.5 mM glucose treated with PMA. Each bar represents the mean ± SEM. PKC, protein kinase C.
formed cells by calcium phosphate precipitation (49, 50) . Subsequent generation of recombinant adenovirus expressing PKC-β1 (AdV-CMV-PKC-β1) in 293 cell lysates was confirmed by Southern blot analysis. A control recombinant β-galactosidase adenovirus (AdV-CMV-βGal) was similarly generated (49, 50) . Recombinant adenoviruses were purified by cesium chloride gradient centrifugation, desalted, and then assayed for infectivity in a 293-cell plaque assay. Purified adenovirus stocks (10 12 pfu/ml) were stored in 20% glycerol at -80°C. Adenoviral mediated gene transfer to confluent SMC was performed by a 1-h adenoviral infection of 10 9 pfu/ml at 37°C in DMEM containing 10% CS, as described previously (49, 50) .
Release of [ 3 H]arachidonic acid in rat aortic SMC. Subconfluent SMC were cultured in DMEM containing 1% CS with 5.5 mM glucose, 16.5 mM glucose, and 22 mM glucose, or 5.5 mM glucose plus 16.5 mM mannitol. After 48 h of incubation, the cells were labeled with 0.5 mCi/ml [ 3 H]arachidonic acid for 20 h at 37°C. Then, media was replaced with 0.5 ml of fresh media, incubated for 1 h, and collected. The amount of [ 3 H]arachidonic acid was determined as described previously (52) .
Preparation of total lysate from rat aorta. Male Sprague-Dawley rats (∼250 g) were used for this procedure. Diabetes in rats was induced by a single intravenous injection of sterile streptozotocin (STZ) (50 mg/kg body weight) solubilized with 20 mM citrate buffer (pH 4.5) . The control rats were also subjected to the same procedure without STZ. After 48 h of the injection, diabetes was confirmed by blood glucose levels exceeding 200 mg/dl. The levels of blood glucose and body weight were monitored every 2 days for 6 weeks, and occasional insulin was given to prevent glucose level from exceeding 400 mg/dl. All experimental procedures in the rats complied with the rules and regulations of the Committee on Ethics and Animal Research at the Joslin Diabetes Center. The thoracic aorta were rapidly removed and frozen in liquid nitrogen. After pulverizing the aorta, the samples were homogenized with 1 ml of lysis buffer consisting of 20 mM HEPES, 5 mM MgCl 2 , 25 mM KCl, 1 mM Na 3 SO 4 , 1 mM sodium molybdate, 10 mM β-glycerophosphate, 5 mM tetrasodium pyrophosphate, 250 mM sucrose, 1 mM ATP, 2 mM PMSF, 0.1 mg/ml aprotinin, and 1% Triton X-100 in a Dounce homogenizer for 30 strokes, and centrifuged. Protein contents of the supernatants were measured by Bradford's method (48) .
Statistical analysis. Results were expressed as mean ± SEM. Statistical significance was estimated by one-way ANOVA and Student Newman-Keuls test for comparison of several groups, and the differences were designated to be significant at P < 0.05.
Results

Effect of glucose on MAP kinase activation in rat aortic SMC.
After 72 hours of exposure to 22 mM glucose, ERK-1 and ERK-2 MAP kinase activities in rat aortic SMC were significantly increased to 138 ± 15% and 135 ± 9%, respectively, compared with 5.5 mM glucose (Fig. 1a) . p38 MAP kinase activities were elevated to 386 ± 54% and 437 ± 51% when glucose levels were increased from 5.5 to 16.5 and 22 mM, respectively. The time course of p38 MAP kinase activation when incubated with 16.5 mM glucose showed increases of 151 ± 5% at 1 hour, 215 ± 37% at 24 hours, 264 ± 65% at 72 hours, and 274 ± 42% at 120 hours, reaching a maximum after two to three days of incubation (Fig. 1b) . JNK activation was also studied and did not differ in SMC cultured in 5.5 versus 16.5 mM glucose, as measured by immunoblotting studies using antiphosphosphospecific JNK antibodies.
Because the effect of glucose on the activation of p38 MAP kinase was much greater than that of ERK-1 and -2 at all time points studied from 1 to 72 hours of incubation, further studies were focused on p38 MAP kinase. The effects of glucose and mannitol were compared
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Figure 3
Effect of GF109203X on p38 MAP kinase activation in rat aortic SMC. After 72 h of exposure to several concentrations of glucose or mannitol, the cells were untreated, or treated with a PKC-specific inhibitor, GF109203X (GFX, 5 µM), for 30 min; then, the cells were lysed as described in Methods. (a) p38 MAP kinase activity measured by the phosphorylation of MBP using [γ-32 P]ATP. The results were derived from four separate experiments. **P < 0.01 vs. because hyperosmolarity is a known activator of p38 MAP kinase (30) (31) (32) (33) . The levels of p38 MAP kinase activation in rat aortic SMC were increased to 310 ± 53% at 11 mM, 421 ± 58% at 16.5 mM, and 452 ± 69% at 22 mM glucose compared with activation levels at 5.5 mM glucose. In contrast, the addition of 11 mM mannitol to 5.5 mM glucose did not show any increase in p38 MAP kinase activation, whereas the addition of 16.5 mM mannitol to 5.5 mM glucose significantly increased p38 MAP kinase activities to 217 ± 18% compared with 5.5 mM glucose alone (Fig. 1c) . These results suggested that glucose levels at 16.5 mM or lower activated p38 MAP kinase via metabolic and nonosmolar effect, but hyperosmolarity could have a significant role in p38 MAP kinase activation at 22 mM or greater of glucose. Effect of PKC on p38 MAP kinase activation induced by glucose. To characterize a possible role for PKC in glucoseinduced p38 MAP kinase activation, the time course at 16.5 mM glucose on in situ PKC activities was measured in rat aortic SMC. The activity was increased to 139% after 72 hours of exposure at 16.5 mM compared with 0 hours (Fig. 2a) . To support a possible role for PKC, we examined the effects of phorbol myristate acetate (PMA), a PKC agonist, and GF109203X, a general PKC-specific inhibitor, on p38 MAP kinase activation in rat aortic SMC (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . PMA increased p38 MAP kinase activity to 230 ± 27% of the control, and the elevation was totally inhibited by GF109203X (Fig. 2b) .
The relationship between p38 MAP kinase and PKC changes induced by glucose levels was studied (Fig. 3) . Similar to Fig. 1, p38 MAP kinase activities in rat aortic SMC cultured with 16.5 and 22 mM glucose were significantly increased to 194 ± 21% and 233 ± 4%, respectively. However, the addition of 5 µM GF109203X for 30 minutes inhibited p38 MAP kinase activities in cells cultured with both 16.5 and 22 mM glucose to 102 ± 3% or 72 ± 14% of 5.5 mM glucose alone, respectively. Mannitol at 16.5 mM did not significantly increase p38 MAP kinase activity (Fig. 3a) . The identity of p38 MAP kinase was also confirmed by immunoblot analysis of rat aortic SMC by quantifying the expressions of phosphospecific p38 MAP kinase at 16.5 mM and 22 mM glucose. A major band at 38 kDa was detected that was comparable to the known molecular weight of p38 MAP kinase (22) . Increased levels of the phosphorylated p38 MAP kinase were observed in the cells cultured with 16.5 and 22 mM glucose but not with 16.5 mM mannitol. Similar to Fig.  3a , the addition of GF109203X (5 µM) reduced the levels of phosphorylated p38 MAP kinase (Fig. 3b) . However, the protein levels of p38 MAP kinase were not changed in all cultured conditions (Fig. 3b) . The role of PKC in the activation of p38 MAP kinase by hyperosmolarity was also characterized (Fig. 3c) . Elevated osmolarity by the addition of 22 and 33 mM mannitol to 5.5 mM glucose increased p38 MAP kinase activities to 137 ± 4% and 187 ± 17% of 5.5 mM glucose, respectively. However, the addition of GF109203X (5 µM) did not affect the activation induced by the elevated levels of mannitol. Further examination of phosphospecific MKK-3/MKK-6 activation in rat aortic SMC by immunoblot analysis did not show any changes by the addition of either high glucose or GF109203X (data not shown).
Elevation of glucose levels from 5.5 to 16.5 mM activated p38 MAP kinase not only in rat aortic SMC but also in human and bovine aortic SMC to 198 ± 17% and 195 ± 27% of the respective controls (Table 1) . Similar increases at 16.5 mM were also observed in other microvessel vascular cells, namely bovine retinal pericytes and rat glomerular mesangial cells, with increases of 158 ± 22% and 163 ± 30%, respectively, and at 22 mM, of 169 ± 31% and 147 ± 32%, respectively.
We have reported previously (10, (12) (13) (14) (15) (16) (17) that elevation of glucose levels in vivo or in vitro can increase or activate
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Figure 4
Effect of a PKC-β-specific inhibitor, LY333351, on p38 MAP kinase activity in rat aortic SMC. After 3 days of exposure to several concentrations of glucose or mannitol, the cells were untreated or treated with a PKCspecific inhibitor, LY333351 [(a) 20 nM and (b) 500 nM], for 30 min, and then lysed. The p38 MAP kinase activity was quantitated by the phosphorylation of MBP using [γ-32 P]ATP as described in Methods. LY333351 was solubilized with DMSO. The results were derived from four separate experiments, with each experiment performed in duplicate. Each bar represents the mean ± SEM. *P < 0.05 vs. 5.5 mM glucose.
PKC, particularly the β isoforms, in the vascular cells. Thus, the effect of PKC-β isoform selective inhibitor LY333351 on glucose-induced p38 MAP kinase activation was determined in rat aortic SMC cultured with 16.5 and 22 mM glucose. The activities again exhibited increases of 163 ± 30% and 169 ± 31% compared with 5.5 mM glucose. The addition of 20 nM LY333531, which we had reported previously (16) and have again determined to inhibit PKC-β isoforms' autophosphorylation in SMC by 90% specifically, did not inhibit the glucoseinduced p38 MAP kinase activation. However, 500 nM LY333531, which can inhibit multiple PKC isoforms (53) , prevented the glucose-induced p38 MAP kinase activation, similar to GF109203X (Fig. 4b) .
Effect of various PKC isoforms on the activation of p38 MAP kinase in rat aortic SMC.
Results from the studies using a PKC-β isoform inhibitor, LY333531, suggested that the activation of PKC isoforms other than β isoforms might be involved (15) . Analysis of primary culture of rat or bovine aortic SMC incubated with 16.5 mM glucose suggested that both PKC-β2 and -δ isoforms were increased. However, the amounts of PKC-δ expression in the primary cultures were difficult to quantify by immunoblot analysis because of the low levels of changes in the expression. Thus, we have stably overexpressed PKC-δ isoform in rat aortic SMC by using a retroviral vector containing the full-length cDNA of human PKC-δ isoform. As shown in Fig. 5a , the viral infected cells exhibited 30 ± 11-fold and 5.2 ± 0.5-fold increases in human PKC-δ proteins in the cytosolic and membranous fractions compared with those fractions in the control cells that were infected with the same retroviral vector without human PKC-δ cDNA. The PKC-δ−overexpressed cells also increased total PKC activities to 409% of basal, and by 426% when stimulated by PMA, compared with their own controls ( Table 2) .
Using both PKC-δ−overexpressed and control cells, the effects of 5.5 and 16.5 mM glucose on various PKC isoforms were identified by immunoblot analysis (Fig. 5a) . Overexpression of PKC-δ isoform did not cause any significant change in either cytosolic or membranous fraction of PKC-α, -βI, and -βII isoforms. In contrast, the expressions of PKC-βII isoform in both PKC-δ−overexpressed and control cells were significantly increased to 175% and 138%, respectively, by exposure to 16.5 mM glucose, compared with 5.5 mM glucose, in the membranous fractions. No significant change was observed in the cytosolic fractions. The protein levels of PKC-δ isoform in the membranous fractions of both PKC-δ−overexpressed and control cells were also significantly increased to 162% and 137%, respectively, by exposure to 16.5 mM glucose, compared with their own controls. Furthermore, the cytosolic protein levels also showed increases of 30% and 35%, respectively.
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Figure 5 (a) Characterization of PKC isoform and activities in PKC-δ isoform-overexpressed cells. (b)
Immunoblot analysis of PKC isoforms in PKC-δ−overexpressed and the control cells containing the retroviral vector without PKC-δ cDNA derived from rat aortic SMC. The infection was performed using the retroviral vector pBabe-Puro, as described in Methods. After the vector with or without PKC-δ, cDNA was transfected into BOSC23 cells via Lipofectamine, and the supernatant was filtered and added to primary cultured rat SMC for infection. Positive transfectants were selected using puromysin. PKC proteins in both membranous and cytosolic fractions were partially purified. The proteins were separated by 8% SDS-PAGE, and immunoblot analysis was performed using various types of antibodies on PKC isoforms as described in Methods. The results are derived from four separate experiments. Each bar represents the mean ± SEM. *P < 0.05, **P < 0.01 vs. control cells at 5.5 mM glucose; # P < 0.05 vs. PKC-δ−overexpressed cells at 5.5 mM glucose. (b) Effect of PKC-δ overexpression on p38 MAP kinase activity in rat aortic SMC. After 72 h of exposure to 5.5 mM or 16.5 mM glucose, the cells were untreated or treated with a PKCspecific inhibitor, GF109203X (GFX, 5 µM), for 30 min, and then lysed. The p38 MAP kinase activity was quantitated by the phosphorylation of MBP using [γ-32 P]ATP as described in Methods. The results were derived from four separate experiments, with each experiment performed in duplicate. Each bar represents the mean ± SEM. **P < 0.01 vs. control at 5.5 mM glucose; # P < 0.05, ## P < 0.01 vs. PKC-δ-overexpressed cells at 5.5 mM glucose; ++ P < 0.01 vs. control at 16.5 mM glucose; ¶ ¶ P < 0.01 vs. PKC-δ-overexpressed cells at 16.5 mM glucose. These results were derived from three different cloned populations of SMC overexpressing PKC-δ
Although immunoblot analyses of PKC-ε, -γ, -θ, and -ζ were also performed, no significant change in these PKC isoforms was noted (data not shown). Activities of p38 MAP kinase were characterized after 72 hours of incubation with 5.5 or 16.5 mM glucose. At 5.5 mM glucose, p38 MAP kinase activities increased to 194% in the PKC-δ−overexpressed cell compared with the control. When glucose concentration was increased to 16.5 mM, p38 MAP kinase activities in the control cell were elevated to 228 ± 31% of 5.5 mM glucose. Similarly, p38 MAP kinase activity in the PKC-δ−overexpressed cell was significantly elevated to 165% in 16.5 mM glucose compared with its respective control. All increments of p38 MAP kinase activities were inhibited by the addition of GF109203X (5 µM) (Fig. 5b) . To determine the isoform-specific actions of PKC-δ on p38 MAP kinase, we overexpressed PKC-β1 isoform in the rat SMC by using a replication-deficient adenoviral vector containing cDNA of rat PKC-β1 isoform or β-galactosidase. SMC infected with PKC-β1 cDNA exhibited 30-and 10-fold increases in PKC-β1 protein and PKC activities, respectively, compared with cells infected with β-galactosidase control (Fig. 6a) . However, p38 MAP kinase activities, as measured by immunoblotting using antiphosphospecific p38 MAP kinase, did not differ between SMC infected with adenovirus containing PKC-β1 or β-galactosidase cDNA (Fig. 6b) .
Effect of TNF-α on p38 MAP kinase activation in rat aortic SMC. To determine whether PKC activation has a similar effect on p38 MAP kinase activation when induced by either glucose or TNF-α, we examined whether GF109203X, a PKC-specific inhibitor, can decrease the activations by these stimulants (Fig. 7) . The addition of TNF-α significantly increased p38 MAP kinase activity in both 5.5 and 16.5 mM glucose by 199 ± 11% and 284 ± 37%, respectively. Although GF109203X inhibited elevation of glucose-induced p38 MAP kinase activation, it did not decrease TNF-α's effect.
Effect of a p38 MAP kinase-specific inhibitor, SB-203580, on arachidonic acid release in rat aortic SMC. One possible biologic consequence of glucose-induced p38 MAP kinase activation could be an increase in arachidonic acid production, because both hyperglycemia and p38 MAP kinase may activate phospholipase A 2 activity (38, 42) . Thus, the effect of glucose on arachidonic acid release was studied in rat aortic SMC. Changes of glucose level from 5.5 to 16.5 and 22 mM increased arachidonic acid release to 139% and 172%, respectively, which was not
Figure 6
Effect of PKC-β1 overexpression on p38 MAP kinase in rat aortic SMC. (a) Characterization of PKC-β1 overexpression in rat aortic SMC after adenovirus infection. (1) Total cell lysate was isolated from cells that were not infected (cont.), or infected with Adv-CMV-βGal (β-gal) or Adv-CMV-PKC-β1 (PKC-β1). PKC-β1 protein was detected by immunoblot analysis. (2) Four days after infection with adenovirus, cells were lysed and the cytosol and membrane proteins were fractionated by ultracentrifugation. The PKC activity was measured as described in Methods. Each bar represents the mean + SD (n = 5). *P < 0.001 vs. noninfected and β-gal. (b) Activation of p38 MAP kinase in PKC-β1-overexpressed SMC. Four days after infection with adenovirus, total cell lysate was isolated. The samples were separated by 10% SDS-gel, and the phosphorylation of p38 MAP kinase was detected by immunoblot analysis using phosphospecific p38 MAP kinase as described in Methods. The results were derived from three separate experiments.
reproduced by 16.5 mM mannitol and 5.5 mM glucose (Fig. 8a) . The addition of SB-203580 (5 µM), an inhibitor of p38 MAP kinase (54) , decreased the effect of 16.5 mM glucose on arachidonic acid release completely (Fig. 8b) .
Effect of diabetes on p38 MAP kinase activation in the aorta from control and diabetic rats. Because all the studies so far have been performed in cultured vascular cells, we have confirmed that p38 MAP kinase activities were also increased in the aorta of diabetic rats. Diabetes was induced by treatment with STZ, which increased blood glucose levels of the diabetic group from 93 ± 2 to 349 ± 21 mg/dl (n = 8) compared with control rats. The final body weights were 410 ± 9 and 356 ± 14 g for control and STZ diabetic rats, respectively. The protein levels and activations of p38 MAP kinase were characterized by immunoblot analysis with antibodies to both nonphosphorylated and phosphorylated p38 MAP kinase. Diabetes for six weeks increased the total protein level of p38 MAP kinase by 34% and that of the phosphorylated p38 MAP kinase by more than threefold compared with the control (Fig. 9) .
Discussion
A great deal of evidence supports the conclusion that hyperglycemia causes adverse effects on vascular cells possibly by a variety of mechanisms (2) (3) (4) (5) . Previously, we and others have documented (6-16) that one of these pathways is due to the activation of PKC, involving mainly the PKC-β isoforms. In this study, we have identified that p38 MAP kinase is an additional target in the signal transduction pathways, which are altered by hyperglycemia or diabetes both in vascular cultured cells and in vivo.
Recent studies have established that p38 MAP kinase can be activated by proinflammatory cytokines and environmental stresses such as ultraviolet light and osmotic shock but might not be affected by phorbol esters (33, 55) . The mechanism of p38 MAP kinase activation is not identical to those of ERKs, because its signal transduction pathway is mediated by phosphorylated MKK-3 and MKK-6 (33, 34, (55) (56) (57) and regulated by dual phosphorylation within the motif of Thr-Gly-Tyr (36, 55) . Interestingly, our results showed that glucose levels from 11 to 16.5 mM can activate p38 MAP kinase by different mechanisms from hyperosmolarity, which becomes significant only after glucose concentrations reached 22 mM or greater. The values of p38 MAP kinase were significantly increased in a dose-and time-dependent manner by elevated glucose concentrations compared with those at 5.5 mM glucose; even at 11 mM glucose, p38 MAP kinase activities were significantly increased. It is notable that p38 MAP kinase was activated to a much greater extent by glucose when compared with ERK-1 and ERK-2 (Fig. 1a) . The activation of p38 MAP kinase could clearly be detected in the aorta from six-week diabetic rats, and the expression of phosphospecific p38 MAP kinase was increased by more than threefold compared with the control (Fig. 9) . Interestingly, glucose at 22 mM or greater can activate p38 MAP kinase by similar pathways as hyperosmolarity because the addition of 16.5 mM mannitol to 5.5 mM glucose also significantly increased p38 MAP kinase activities (Fig. 1c) . These findings indicated that p38 MAP kinase can be activated by glucose levels commonly encountered in diabetic patients as well as by extremely high levels of glucose when the effects of osmotic shock are significant.
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Figure 8
Effect of elevated glucose levels and a p38 MAP kinase-specific inhibitor, SB-203580, on arachidonic acid release in rat aortic SMC. (a) After 48 h of exposure to various conditions of glucose and mannitol, the cells were labeled with [ 3 H]arachidonic acid and further subcultured with the same conditions. The media were collected, and the amount of [ 3 H]arachidonic acid released into the media was measured as described in Methods. Each bar represents the mean ± SEM. *P < 0.05 vs. 5.5 mM glucose. (b) SB-203580 was added to 0.5 ml of the media and incubated for 30 min before the labeled media were collected for measurement of arachidonic acid release. Each bar represents the mean ± SEM. *P < 0.01 vs. 5.5 mM glucose (-), # P < 0.05 vs. 16.5 mM glucose.
Figure 7
Effect of TNF-α and GF109203X on p38 MAP kinase activity in rat aortic SMC. After subculturing with 5.5 mM or 16.5 mM glucose, the cells were not treated or treated with TNF-α (100 nM) for 5 min after pretreatment with a PKC-specific inhibitor, GF109203X (GFX, 5 µM), for 30 min, and then lysed. The p38 MAP kinase activity was quantitated by the phosphorylation of MBP using [γ-32 P]ATP as described in Methods. GF109203X was solubilized with DMSO and TNF-α with serum-free DMEM, respectively. The results were derived from three separate experiments, with each experiment performed in duplicate. Each bar represents the mean ± SEM. *P < 0.05, **P < 0.01 vs. 5.5 mM glucose (-); # P < 0.05 vs. 16.5 mM glucose (-). TNF, tumor necrosis factor.
The time course of glucose-induced p38 MAP kinase activation showed that the activation required up to 24 hours after the changes of glucose levels (Fig. 1b) . On the other hand, the time course of activation or increases in the amount of total PKC appeared to be slower than that of p38 MAP kinase activation (Fig. 2a) , which could be the result of the difference in the sensitivities of the assays for PKC and MAP kinases. Hyperglycemia may activate or increase the amount of only certain PKC isoforms, which would not be reflected by measuring total PKC activity, whereas activation of various MAP kinases can be measured specifically for each ERK or p38 MAP kinase. Additional evidence in support of PKC activation to stimulate p38 MAP kinase was provided by the effect of PMA (Fig.  2b) , and the inhibition of p38 MAP kinase activation by a PKC-specific inhibitor, GF109203X (Fig. 2b and Fig. 3,  a and b) . In contrast, p38 MAP kinase activation by mannitol at 22 mM or greater was not affected by GF109203X (Fig. 3c) , suggesting the involvement of non-PKC-mediated pathways. In addition, the phosphorylation of MKK-3/MKK-6 was not affected by 16.5 mM glucose, and TNF-α did not show an additive effect with glucose or inhibition by GF109203X (Fig. 7) . These findings indicated that the mechanisms of p38 MAP kinase activation induced by levels of less than 22 mM glucose appear to involve PKC pathways and are different from activation induced by stress factors that include osmotic stress and proinflammatory cytokines such as TNF-α.
Recently, MacFarlene et al. (57) have reported that elevation of glucose levels increased p38 MAP kinase activities in parallel with elevation of DAG levels by de novo synthesis in pancreatic β cells. Thus, it appears that vascular cells and pancreatic β cells share a common ability to increase DAG levels by de novo synthesis and activate both PKC and p38 MAP kinase. Most previous reports (24, 26, 33, 35, 38) have not found a strong relationship between PKC and p38 MAP kinase activities when the activators are proinflammatory cytokines and environmental stresses. However, recently, two reports (29, 58) have suggested that the differentiation of leukocytes may require a PKC-dependent p38 MAP kinase activation. The combined results of our data and those cited earlier have clearly established that PKC activation can stimulate p38 MAP kinase cascade in the vascular cells.
Another interesting finding of this study is that hyperglycemia increased both PKC-β and -δ isoforms in rat aortic SMC. We have reported previously (9, (11) (12) (13) (14) (15) (16) ) that diabetes and hyperglycemia can increase different PKC isoforms depending on the source of vascular tissue, but PKC-β isoforms were consistently increased in all vascular tissues isolated from diabetic animals. In this study, the expressions of PKC-βII were again shown to be significantly increased in the membranous fractions of both PKC-δ−overexpressed cells and control cells by exposure to 16.5 mM glucose (Fig. 5a) . However, p38 MAP kinase activation was not inhibited by 20 nM of PKC-β selective inhibitor LY333351 but was totally inhibited by GF109203X (Fig. 4a) , indicating that PKC-β isoforms were not involved in a signal transduction pathway used by high glucose level to activate p38 MAP kinase. However, several lines of evidence suggest that the activation or increased amount of PKC-δ isoform might be responsible. First, the expressions of PKC-δ in both PKC-δ−overexpressed and control cells in 16.5 mM glucose were significantly increased by approximately 40% compared with the respective cells exposed to 5.5 mM glucose (Fig. 5a) . Second, the activities of p38 MAP kinase in PKC-δ−overexpressed cells were significantly elevated to 194% in 5.5 mM and to 165% in 16.5 mM glucose, compared with the control cells at these respective conditions. Third, all the increases in p38 MAP kinase activities induced by glucose or by overexpressing PKC-δ isoform in the rat aortic SMC could be inhibited by GF109203X (Fig. 5b) . Last, overexpression of PKC-β1 isoform did not increase p38 MAP kinase activity. These findings strongly suggested that hyperglycemia activates p38 MAP kinase in rat aortic SMC via increases in PKC-δ isoform in an isoform-selective manner.
The possibility that hyperglycemia can also activate PKC-δ isoform has been supported by our previous report (17) showing that PKC-α, -β1, and -δ isoforms were all activated or increased in the glomeruli of diabetic rats. Haller et al. (59) have reported that 20 mM of glucose increased PKC-δ immunoreactivity in the membranous fraction after six hours in rat aortic SMC, whereas the cytosolic fraction was not altered. PKC-δ isoform activation induced by glucose could have multiple biologic effects. Fukumoto et al. (60) reported that overexpression of PKC-δ isoform in cloned rat vascular SMC, A7r5, decreased cell proliferation by arresting cells in G1 via the inhibition of cyclin D1 and E. Interestingly, the growth rate of our SMC overexpressing PKC-δ isoform was also decreased to 31% compared with the control cells (data not shown). Lu et al. (61) demonstrated that PKC-δ isoform regulated tumor-promoting effect stimulated by phorbol esters in the v-Src-or cSrc-overexpressed rat fibroblast 3Y1. On the other hand, PKC-δ isoform has been reported (62) to activate the MAP kinase/ERK kinase pathway in a manner dependent on cRaf and independent of Ras in COS1 cells (62) , suggesting that it may enhance cell proliferation in some cases. Further studies will be needed to determine the role of PKC-δ isoform activation or increase induced by glucose in the functions and growth of SMC.
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Figure 9
Effect of hyperglycemia on p38 MAP kinase activation in the aorta derived from control and diabetic rats. Rats were treated as described in Methods, and expressions of p38 MAP kinase and phosphospecific p38 MAP kinase were performed by immunoblot analysis. The optical density units by immunoblot analysis were measured with an image densitometer. Each bar represents the mean ± SEM (n = 8). **P < 0.01 vs. the control.
One important biochemical consequence of increases in PKC-δ isoform in SMC induced by glucose appears to be p38 MAP kinase activation. This finding may have significance because it appears to occur in many vascular tissues involving arteries, capillaries, and mesangial cells. In addition, p38 MAP kinase activation can reflect gene expression by phosphorylating several transcription factors such as ATF-2 (37), CHOP-1 (63), MEF2C (64) , and NFκB (65), resulting in either apoptosis or cell growth. Saklatvala et al. (66) also has reported that p38 MAP kinase may regulate platelet aggregation because SB-203580 can inhibit thromboxane generation. It is difficult to speculate which of the vascular abnormalities found in diabetic patients could be attributed to p38 MAP kinase activation. It is likely that changes of p38 MAP kinase will contribute to alteration in cell survival. Our results have shown that it could partly be responsible for increases in arachidonic acid production (Fig. 8) , which we and others have reported previously (17, 44) to be induced by hyperglycemia. The results from this study using SB-203580 implied that the activation of p38 MAP kinase may be responsible for increased production of prostanoids in rat aortic SMC, because arachidonic acid is the precursor for synthesis of prostaglandins, thromboxanes, and leukotriens (67) . However, the results are only suggestive because Sβ-203580 may not be specific to p38 MAP kinase (68) .
In summary, our study has identified p38 MAP kinase as a possible target in vascular cells, which can be activated by high glucose levels and diabetes. The activation of p38 MAP kinase by high glucose or diabetes is mediated by either PKC-dependent or -independent pathways, with the latter induced significantly by levels of hyperglycemia not usually observed clinically. At moderate and commonly encountered levels of hyperglycemia, p38 MAP kinase appears to be activated by PKC-δ isoform-dependent processes. It is likely that these changes in PKC-δ isoform and p38 MAP kinase induced by hyperglycemia will have biologic, and possibly pathologic, importance in the development of diabetic vascular complications.
